INTRODUCTION
The well-known 'aperture problem' in detecting the motion of a stimulus varying along one spatial dimension arises because the vector component of motion parallel to the stimulus orientation has no effect upon the image. If the true motion vector is decomposed into a parallel and an orthogonal component to the stimulus orientation, only the orthogonal component can be detected (Hildreth, 1983; Hildreth & Koch, 1987) .
The aperture problem in motion has been much discussed, but an analogous problem in stereoscopic vision has been relatively neglected. It is usually assumed that stereoscopic matching is carried out between corresponding points in the luminance profiles of the left and right eye, but in the case of a one-dimensional (l-D) stimulus like a grating it is not clear what these corresponding points are. Matching could be carried out between horizontally separated points of the same luminance; between points of the same luminance on a line at right angles to the grating (a phase shift) or any combination of these directions. The nature of the matching process should be revealed by determining which quantity is constant at threshold. We assume here that the actual threshold is constant over different conditions, and that the purpose of psychophysical investigations is to discover the physical quantity (for example, horizontal disparity) that best predicts this constancy. This logic has been extensively used in previous investigations of hyperacuity (e.g. . For clarity, in the following discussion we distinguish three models of the matching process for sinusoidal gratings.
Model 1: horizontal disparity is constant
Let the monocular luminance profiles of the gratings required for stereoscopic threshold be described by: (i) L = A • cos (w~x) for the left eye and R = A • cos(a;~(x + x')) for theright eye.
where x describes the position along the x (horizontal) axis, ~Ox is the spatial frequency of the grating, and A is a scaling constant, x' is the positional shift along the x-axis in the fight eye's image required to reach threshold. Let the grating be tilted by an angle 0 to the vertical. The model predicts that x' will be independent of 0. Note from Fig. 1 , however, that t', the orthogonal separation of the bars at threshold, will decrease with angle according to the relation: t = x' • cos(0).
Model 2: orthogonal phase disparity is constant
Let the monocular luminance profiles required for stereoscopic threshold be described by: and t'. Alternatively, if r' is constant at threshold, x' increases as a function of the cos of the angle.
modulation that subtends angle 0 with the x-axis ( Fig. l) , 4t is the phase shift along the t-axis in the right eye's image needed to reach threshold, and other symbols are as defined in (i). Let t' represent the distance along the taxis corresponding to stereoscopic threshold so that I$* = 2no,t'. The model predicts that & will be constant at threshold.
Model 3: horizontal phase disparity is constant
Let the monocular luminance profiles required for stereoscopic threshold be described by: . cos(w,x) for the left eye and R = A . cos (u,x + c+&) for the right eye.
where x describes the position along the x-axis, and o, is the spatial frequency along the x-axis. & is the phase shift along the x-axis in the right eye's image required to reach threshold. Let x' represent the distance along the Xaxis corresponding to threshold so that 4X = 27rw$. It can be shown that t' = x' cos(0) and o, = O&OS(~) which implies:
x' = $t/(27r+ . cos(O)), and
The prediction is that the phase shift along the horizontal luminance profile of the grating (@J will be constant at threshold. But note that this identical to the prediction of Model 2. In other words, the phase shift relative to the spatial frequency of the grating orthogonal to its luminance profile is identical to the phase shift relative to its horizontal luminance profile.
Previous investigations
Several investigators have reported that depth thresholds for rods increase in proportion to the cosine of the angle of tilt of the rods in the frontal plane and that the threshold expressed as a phase shift at right angles to the rods remains constant (see Howard & Rogers, 1995 pp. 167-168 for review). Morgan & Castet (1995) reported a similar result for a 1 c/deg sinewave grating viewed through an aperture in static visual noise. Both Morgan & Castet (1995) and Howard & Rogers (1995) point out that the finding would be consistent with the detection of an orthogonal shift rather than the detection of a horizontal disparity. But as pointed out above, the cosine relation is also compatible with detection of a horizontal phase disparity. Note that as the grating is tilted away from the vertical, its horizontal spatial frequency decreases, in proportion to the cosine of the angle, so to achieve a constant (horizontal) phase shift the (horizontal) disparity must increase.
Therefore, the dependence of stereoacuity upon orientation does not necessarily imply the existence of stereo mechanisms tuned to detect positional shifts at right angles to the stimulus orientation. In this study we attempt to clarify whether horizontal disparities or phase shifts determine stereo thresholds. We use both 1-D stimuli (gratings) and two-dimensional (2-D) gaussian blobs or gabor grating patches.
GENERAL METHODS

Apparatus
Stimuli were presented on a raster-scanning visual display (Barco Calibrator 11'") under control of a Cambridge Research Systems VSG'" graphics card running in pseudo-12 bit grey level mode, with a resolution of 960 (h) x 702 (v) pixels, and a frame rate of 140 Hz. One pixel subtended a visual angle of 0.7 x 0.7 arcmin. Linear grey-level look-up tables (LUTs) were constructed by fitting a power function to luminances measured with a Minolta'" photometer. In Experiment 1 the left-and right eye images were generated side by side on the display with a small horizontal gap between them, and were fused with the help of a prism in front of the left eye. In later experiments, stereo separation of the images in the two eyes was achieved by Ferro-magnetic stereo goggles (Cambridge Research Systems VSG) linked to the frame synchronization signal. The effective monocular frame rate was thus 70 Hz, with left and right eye frames being interleaved. The mean luminance of the display was 9.07 cd/m2, reduced to 1.95 cd/m* through the goggles. Photometric measurements made through the goggles showed that the pattern through a notionally extinguished eye was in fact reduced to -3% of its luminance, this cross-talk arising almost entirely from screen persistence. limits. The open circles express the data as shifts orthogonal to the orientation of the grating in one eye relative to the other eye (phase shiiks). The filled circles replot the same data expressed as the horizontal disparity between points of horizontally corresponding luminance iu the two eyes. The dotted line shows the predicted rise in threshold if the baseline threshold at 0 deg is divided by the cosine of the angle.
Stimuli
The viewing distance was 200 cm. The background stimulus was a rectangle of size 1.86 x 6.7 deg, containing 17 x 60 random dots, each of size 10 x 10 pixels (0.11 deg2). The reason for the restriction on the width of the stimuli was that the two eye's images were placed side by side on the same screen and had to be fused with the help of a prism. It was difflcuh to fuse wider stimuli. In the experiments with gratings the stimulus completely filled a square (0.86 deg2) aperture within the background random dots. When it was a gabor patch the aperture was smaller (see Fig. 2 ) and the patch was centrcd in the aperture with the rest of the aperture set to the mean luminance of the patch. The aperture was imaged in the fixation plane with zero disparity relative to the surround dots. Before and after each grating presentation the aperture was filled with random dots like those in the surround. The gratings (Experiment 1) or gabor patches (Experiments 2 and 3) were presented within the aperture with a disparity between the eyes. In the case of the gabor patch the carrier and envelope were always moved by the same amount. When the stimuli were vertically oriented the shift was identical to a horizontal disparity; at other angles the equivalent horizontal disparity could be calculated from the cosine relation discussed above. Since all the stimuli we used had continuous luminance profiles, sub-pixel positional shifts could be generated by grey-level interpolation (Morgan & Aiba, 1985) .
Psychophysics
On each trial the stimulus was presented for 500 msec and the observer had to decide whether the grating was in front of the aperture or behind (the single-stimulus method of binary choice). No fixation point was provided, but the boundaries of the aperture in which the stimulus appeared provided a reference disparity. Over a series of 64 trials, the stimulus was presented with a range of crossed and uncrossed horizontal disparities, determined by an adaptive method of constant stimuli (APE: Watt & Andrews, 1981) . APE determined the most efficient range of stimuli for measuring the standard deviation and mean of the observer's psychometric function, by performing a Probit Analysis (Finney, 1971) of every trial on the data collected so far. Feedback was given in the form of a tone following an incorrect response. If the observer has a bias (in this case, a preference for deciding 'in front' or 'behind'), APE tracks the bias by presenting a stimulus range centred on the observer's point of subjective equality (the 50% point on the function). Thresholds were defined as the standard deviation of the psychometric function, corresponding to the 82% correct point in a 'yes-no' detection task, although it should be noted that the presence of biases will mean that the observer is not necessarily 'correct' on 82% of cases with a threshold stimulus. In each condition of stimulus orientation at least four independent threshold measurements were taken, and the data presented here are the means and 95% confidence limits of these independent measurements.
Procedures
Each session began with the apertures filled with random noise. The observer made sure that the left and right eye images were fused, and then pressed a button to initiate a 0.5 sec stimulus presentation. The apertures were then re-filled with random noise until the observer initiated the next trial by pressing one of two buttons to indicate the decision 'in front' or 'behind'. The task was self-paced and the observer could rest at any time. The room in which the experiment took place was dark except for the light from the display, and observers could choose to listen to background music to relieve tedium.
Subjects
The main observers were the two authors (EC and MM), both of whom have corrected-to-normal vision and no abnormalities of stereoscopic vision as measured by the TNO test.
EXPERIMENT 1
The stimuli were 1 c/deg and 2 c/deg gratings.
Results
The results (Fig. 3) show that phase thresholds for detecting the interocular phase shift of the grating were independent of grating orientation over a wide range. Only when the angle reached 80 deg tilt from the vertical did thresholds begin to systematically increase. It follows from that constancy that threshold expressed in terms of horizontal disparities increased with tilt from the vertical, and were well predicted by dividing the threshold phase shift obtained with the vertical grating (we call this the baseline threshold) by the cosine of the angle of tilt (dashed curve in Fig. 3 ).
Discussion
The fact that phase thresholds but not horizontal disparities were independent of angle might seem to imply that it is phase shifts, and not horizontal disparities, that are detected. However, we have argued above this may not be the correct interpretation. An alternative is that horizontal disparities are indeed what the observer detects, but that they are detected as horizontal phase shifts in the continuous luminance profile. Since the horizontal period of a grating increases with its tilt from the vertical, increasingly large horizontal disparities will be needed to produce a constant horizontal phase shift. Just as the phase shift of the grating is independent of its angle, so is its horizontal disparity divided by its horizontal period. Thus, the finding that phase shifts are constant at threshold does not tell us whether it is phase shifts, or horizontal disparities, that are detected.
The peculiarity of the 1-D grating as a stimulus is that phase shifts are indistinguishable in their effects from horizontal disparities. This is indeed the aperture problem for stereopsis, as we outlined it in the Introduction. Twodimensional stimuli may be expected to provide further information. If the stimulus is a spatially localized gabor patch, then shifts at right angles to the grating are distinguishable from horizontal disparities. A shift of an off-vertical gabor patch at right angles to its orientation will leave areas that cannot be matched along horizontal lines in the image. If matching along horizontal lines is crucial for stereopsis, stereoacuity may be expected to break down as the angle of the patch from the vertical is increased. This prediction was tested in the following experiment.
EXPERIMENT 2
Methods
The stimuli were oriented gabor patches (8 c/deg) or a simple gaussian patch (0 c/deg) with an aspect ratio of 2:1 (~rx = 0.1 deg; O-y = 0.2 deg). Disparities were introduced by shifting the patch in one eye in a direction orthogonal to its major axis of orientation, which was also the orientation of the grating contained within the envelope in the 8 c/deg stimulus. Note that when the grating was shifted, the envelope was shifted by a corresponding amount, so that the phase of the grating within the envelope was always the same (it was in cosine phase). In the case of the simple gaussian patch, the envelope was shifted in exactly the same way as for the gabor patch. The orientation of the patches was systematically changed as in Experiment 1 to determine stereoacuity at each orientation.
Except for the stimuli all methods used were identical to those in Experiment 1. One of the authors (MM) acted as an observer.
Results and discussion
The results (see Fig. 4 orientation was constant over a wide range of angles, up to 80 deg from vertical, and this implied that threshold horizontal disparity increased with the angle. The increase was slightly greater than that predicted from the cosine relationship, and this was because the threshold phase angle also showed a slight increase. In the case of the simple gaussian patch (0 c/deg) there was even clearer evidence for an increase in threshold positional shift with angle from the vertical. In fact, the increase quite closely followed the increase predicted from the cosine of the angle: the horizontal vector component of the disparity was constant at threshold.
Why do the data for gaussian blobs differ from those with gratings? Gratings will stimulate orientationally tuned mechanisms, and the data indicate that these are tuned to detect stereo disparities at right angles to their preferred orientation. These mechanisms would be more weakly stimulated by the gaussian patches, which have a more distributed orientation spectrum. If this is the correct interpretation, non-horizontal disparities of a circular gaussian patch should be even harder to detect. This was tested in the next experiment.
EXPERIMENT 3
Methods
The stimuli for MM were circular gaussian patches with B, = oY = 0.05 deg. EC found the task too difficult FIGURE 5. Results of Experiment 3, which measured stereoacuity for small, circular gaussian blobs. The orientation (horizontal axis) refers to the angle of the disparity between the centroids of the blobs in the two eyes. Centroid disparity refers to the distance moved by the centroid of the blobs between the two eyes. The horizontal component refers to the horizontal vector of the centroid disparity, i.e., to centroid*cos(angle). Note that threshold centroid disparity increases with angle, unlike the case for phase disparity with gabor patches and gratings (Experiments l-3), but that threshold horizontal disparity is more nearly constant over angle. Angles of greater than or equal to 80 deg did not produce reliable thresholds.
with such small patches, so for him the viewing distance was halved, making Ox = try = 0.1 deg. The stimulus in one eye was presented in a randomly jittered position within the aperture, which had the same luminance as in the previous experiments, and the stimulus in the other eye was presented with a disparity, defined as the distance of its centre from the centre of the patch in the first eye. The disparity could be in any direction, varying from a purely horizontal disparity (0 deg) to a predominantly vertical disparity (80 deg). For every direction, the disparity could be either to the left or the right, giving rise to a crossed or uncrossed horizontal component of disparity, and the observer's task was to decide whether the stimulus was in front of, or behind the plane of the aperture. The other methods were the same as in the previous experiments. The observers were the two authors, MM and EC.
Results Figure 5 shows that thresholds, expressed as the distance between the centroids of the dots between the two eyes, rose rapidly with the angle of the disparity. Figure 5 also shows that the horizontal component of the centroid disparity is much more constant at threshold than is the centroid disparity, as if the observer were able to match the points, ignoring the vertical disparity component. However, there were limits to the ability to do this, since neither observer could achieve reliable thresholds with disparity angles greater than or equal to 80 deg, unlike the case with gratings and gabor patches.
EXPERIMENT 4
The results of Experiment 3 suggest that disparities of circular gaussian blobs are detected by, at best, only the horizontal component of their disparity. However, this is not the case with oriented gratings or gabor patches containing an oriented grating, which are detected by the disparity shift at right angles to the grating orientation. Is the improvement due to the orientation of the grating, which in previous experiments has always been at right angles to the direction of the disparity, or would introduction of a vertical grating also improve stereoacuity for oblique disparities? The final experiment compared stereoacuity for horizontal and 70 deg disparities, using a 4 c/deg gabor patch with the grating oriented either at 0 or 70 deg. A gaussian patch with the same envelope as the 4 c/deg gabor was also included. Stimulus (e) was a 70deg oriented gabor with a horizontal disparity. Finally, stimulus (f) was a vertically oriented 4 c/deg gabor with a 70 deg disparity.
Methods
Results
A disparity shift of the gaussian blob was harder to detect when the disparity angle was 70 deg vs 0 deg [(a) vs (b) ]. However, the striking result was that introducing a 4 c/deg grating into the patch also made the disparity easy to detect, whatever the orientation (0 vs 70 deg) of the disparity, or of the grating (c-f). There were no significant differences between the conditions when the grating was present, in either observer. The finding that orthogonal shifts (c, d) are equally detectable is in agreement with the early data for gratings, and with the horizontal phase model. However, the equivalence of the non-orthogonal shifts in (e, f) to those in (c, d) is not compatible with the horizontal phase model. It seems that disparities in these 2-D stimuli, unlike 1-D gratings, can be detected by the displacement of the centroid, independently of its direction.
The reason why non-horizontal displacement of the centroid in the gaussian blobs (a, b) cannot so readily be detected is not clear. This finding rules out the possibility that disparity of the 4 c/deg gabor patches was detected by a rectifying second-order filter. The data are compatible with the conclusion that the neural mechanisms underling disparity detection of 2-D stimuli are orientationally selective, but are not necessarily arranged to detect only horizontal disparities. The problem with the non-oriented gaussian blobs may be that their orientational content is too broad-band to allow unambiguous stereo matching, except in the special case where their disparity is horizontal. 
SUMMARY AND CONCLUSIONS
Centroid disparities of circular gaussian blobs are best detected when the disparities are horizontal. Disparities of gratings or gabor grating patches are detected equally well at all angles up to 70-80 deg. For gratings, the threshold phase shift of the grating at right angles to its orientation (the phase disparity) is independent of angle.
These data are difficult to explain by any single, simple model of stereoscopic matching. The grating data are compatible with either horizontal phase detection or with orthogonal phase detection. They are not compatible with horizontal disparity detection between corresponding points on the luminance profile. In the case of 2-D grating patches, however, the data indicate matching of corresponding points in the luminance profile, namely the centroids. The 1-D gratings do not have centroids, only ridges. There may thus be different rules for matching stimuli that do and do not have identifiable 2-D features such as centroids. Note, however, that this is not a distinction between first-and second-order mechanisms. If the 2-D gabor patches were rectified in order to find the centroid of their contrast envelope, they would be equivalent to the gaussian patches. They are not. One of the most difficult findings to explain is that nonhorizontal disparities of gaussian patches are comparatively difficult to detect. There may therefore be a third class of matching rules, applying only to non-oriented stimuli, which matches preferentially in the horizontal direction.
Physiology
Detection of disparities of gratings at right angles to their preferred orientation is compatible with standard methods for measuring disparity tuning. LeVay & Voigt (1988) explicitly measured disparity sensitivity of orientationally tuned cells in cat areas 17 and 18 by moving the stimulus at right-angles to the cells' preferred orientation, as did Nelson et al. (1977) . This orthogonal disparity was effective in stimulating the cell, but the result does not rule out the possibility that a horizontal shift would have been equally effective. Indeed, it almost certainly would have been: this is the aperture problem. The idea that disparity is detected by interocular phase differences between receptive fields with their envelope in the same position in the two eyes (DeAngelis et al., 1991 (DeAngelis et al., , 1995 is compatible with our data showing that phase differences rather than horizontal disparities are important in detecting disparities of large-field gratings, but they do not rule out the alternative model that receptive fields have a positional disparity (Barlow et al., 1967) , provided that positional disparities occur at all orientations. DeAngelis et al. found that neurones with large interocular phase differences had preferred vertical orientations, while those with near-zero phase differences were found at all orientations. These findings are not necessarily incompatible with our finding that phase thresholds for gratings are independent of orientation, since our stimuli were all presented with near-zero disparity and would thus have involved the detection of near-zero phase differences. A prediction from the De Angelis et al. data is that disparity discrimination with large disparity pedestals would be more efficient at vertical orientations, unlike the situation we have described with zero disparity pedestals.
